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Abstract

1 Introduction

Just as II)alli])u]ator  contro] call  be eflk!ctivc]y accolnplishcd in joint sl)ace  01 task space, trajectories
for tlIc ll~allipulator can  also be s~)ccificd  irl joint or task space. ‘1’yj)ically, the trajc’ctory is sl)rcificd
ill tllc SaIIIC space ill whirll the control ler  is  workiflg,  IIowcver,  coIlversicJIl  tecll~liques  CaII bc used to
traIlslatc tlIc s~)ecified  trajcctc)ry to -the control sl~acc. l’or illsta]lcc, in~’crse  kirlcrllatics al)~)lird  10 a
task sl)acc  trajectory will provide sctl)c)ints  to a joint sl)acc  corltrollcr. Sir~ce task s~)ace trajectory
s})cciflcatio~l  is usually considered mcMt useful (cwpe.  cially wit]l  task space colitro]), the corlvcrsc
trallslatioli of a joint space trajectory to task sl)ace  is urlcollllnorl.

Joint space t rajectory generat ion is  s t raightforward since  each  joint  Inay be treated irldej)crl-
dclltly [8, 1, 3]. Typically, motio]l betwem)  slmc.ified joint values  is dictated ~vith a t}lird,  f o u r t h ,
or fifth  order polynomial. S o m e  cxtcIlsioll arid  o~)tilnizatio~l  of this tecllIliquc }IavQ bccrl ~)rc)-
poscd  [5, 14].

‘J’ask sl)acc  trajectory generation has been addressed more extensively, t)m-ausc of t}le co]lll)lcxity
inhercmt  in it. \Vhitney  proposed Rmo]ved  Rate control [15] to cwsily cIIablc  straight lillc mo t ion
o r  corlstar]t axis  rota.tioIl  of an cl~d cffector. IIc)wcver,  this tcch]lique dom ]Iot irlhere[ltly a d d r e s s

cxtelided trajectory generation  collsideratioIls, l’oreI]lost  altlollg tbesc i s  tile ~)roblcl[l of l)lcIidiIig
c h a n g e s  ill CIId cfrcctOr  orieIltation$ l’aul [8, 10] pro])oscd  ble~ldillg  of the I;rrlrr a~tg)(js{l(~scrit)illg
the rclatio]ls o f  the i)iitial a]ld fi]lal fra]]~cs  t o  t h e  interlnediate OH(I. ‘1’his IIIcthod  b]ends  OIIG
orientat ion to the next, but the path generated is Iiot iIltuitivcly o b v i o u s . W’orse,  lIc proposes
clla]lgir)g  OIIC l;ulcr ang]e with a diffcreIlt blead prof i le  fronl  tllc o the r s .  Alter rlatively, (;a IIIIy [2]
utilizes quater]lio~~s  to describe orielltatioll. }lowcvcr,  since  hc was  addrcssirlg a clifrerent  problc’111
(collisio]l  detectioIL),}  LcdocsI ]otdiscusst  l]cissl,cso fb]e]idirlgt  llec~uater*lic,*  ls. Craig[3]lltilizts
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tllc silllilar a~tglc-axis  forlllulatio]l, tjut IepIcseIIts tile oricl]tatic)ll  o f  vaclI via frall)(’ \vitll resl)cci
to tl]e w o r l d  f r a m e ,  not the p r e v i o u s  flall)c as l’aul  had doIle. ‘1’IIus,  tllc l)lcIId  o f  oricrltatioll
l)ara~f~ctcrs  will lJIoducc a InotioIl  ]Jat}I tlIat i s  dcpclIdcIIt  olI the relalioll of tile \ria fral]lm t o  tile
world  fralne, IIot jllst tllcir rclatio]l to cacl  I otllcr. l’illally,  l,loyd  aTId IIayward  [ 6 ]  drvelol)ml  aII
elcgalit IIlrt}lod  for creating  v a r i a b l e  l)ositioll  bleIId patlts, l)ut do Ilot slIo\v alI extellsiol)  o f  tile

]IIctltod  for oricntatiolis.
As  wi l l  I)c secII, Taylor []3] hasproposcd  aschelile that providrs  slllcj(}tll,illtllitivt~,  aIId relwat-

al)lc  position aIId oricntatio]l  hlclicls. ltsllliijor clrawl~ackis  collll)utatiolldl complexity. ‘]’his  l)al)er
~)rmx’llts  a v e l o c i t y  hascci I[lethc)d that ac]lievcs  tile salt){’ r e s u l t s  with  a silll})lcr forlllulatio]l aIId
sigtlificalltly reduced coln})ut,atioll  tilnr.

‘1’lIc IIcxt scctio]l  presc]lts t h e  tcrlllillology C]nl)loycd  f o r  t h e  solution dcscriI)tioI1.  SectioIl  3
l)rme]lts tlIe })rwl)oscd velocity }.)lelldillg forll}ulation  and describes I)ossil)le t)lclld profile fullctiolls,
Section 4 quickly discusses l)ositioli  l)atll t)leTldill~. oriclltatioli t)lc]lding  is cxteIlsively discussed
in %ctioll 5, wllcrc ‘1’aylor’s  method is rcwimd,  a n g u l a r  v e l o c i t y  blcmding  is prcsel~ted,  aIld the
secoIId order  diflcre]lce  tJetwccJI t,lIcIIl is aIlalyzcd. SectioIls  6 alId 7 discuss irfl})lclI1lc,litaticJIlal  colI-
sideratiol)s and coln~)ut,atiollal  costs associated with the algorithlns  atld slIow’ u’lIy velocity l)le~idillg
is  l)refmal)lc. l’illally, Scctioll 8 clescril)cs  the r e s u l t s  ofsi]nulatioll  alId real-  tilllc illl~)lcIllclitatioI1.

z Velocity 131ending ‘1’cmillology

A  ~ask fralncis  d e f i n e d  as the set containill.g  the rotat ion Inatrix that  specif ies  tile end cflkctor
oriclitatioll, ‘R, the clId cffector position, p, other scalar configuration cL}lltrol’l)araItlet(’rs  (cg.  arm
anglel ;l~ [12]), and the transit tilnc to this arln pose, ‘7’. ‘J’ IIus,

1(’1  ;“ {’R*,pi,l’)i,~;} (1)

‘1’yj)ically  the md effcctor o r i en t a t i on  i s  spec i f i ed  by a rotation lnatrix compmId  of the vectors
defining the QIId effecter orientation with reslwct to the stationary world fral[l~ [8].

~.i : [n’fo;’,a;’
1

’ 11
0 s~wcify  a fralm, rotation lnat,rix, or vector with respect to aIlotheI

w’itll a superscript. 11’or instance, a frame, rotation, or vector with
d(vlote(l  I)y “F,’’’’R.,u Jp.

(2)

fra]ne, tlIc  forIIler  is ~)rocccded
mpcct to thr world  frallie i s

I II hctwccn twoscqucmtial  frames, the (fesirml linear velocity of the CIId eff’cctoris simply the
diflcrmlcc ill }Jositioll over  tilrle:

A p - Pi ‘“Pi-l
‘ i ’  - A t-  - 7;

(3)

‘I’llca.[lg~llar  velocity isobtailled froIIltlleecluivalc’Tlt  angle axis  forlnulatio]l fora  rotatioIl froIn OIIC
fralt)c to another [3]:

U1 z ki ~i/7~ (4)

kisirl~i= ~(ni.lxn; -i o~-l Xoi 3 ~,-1 Xai) (5)

COS ~:= +(kl:_]”lll + 01-1.0~  +- tlt_l.a~ -  1 ) (6)

w]lcrc  Inotioll at velocity w for tilnc At causes a rcltation of:



Wjt]l ,$’$  ❑ . sill+,  (:W =- (-Osy,  aIld VW = 1 – Cosf.

lI_tlIc  lrla~llitudc of  lklua(ioll (5) is Z,CIO. tlIo dirwtiol]  of  k  is  itlclett’llllillallt. ]f ]~qllatioll  ((j)
eqIIals  -1 1, tlICII tlIc  orielitatic)lls of tll[’ succmsive fralncs arc i(lclltical, and  01 : [(),().()]. otllerlvisc.
lljuatio]l (6)mjuals  - l, and  kll~ust l)(j(l(’tclll~ille(!  fl()l~~t  llcc(Jl~lli  lllsc Jfttlc)li {J[ti()~(~ll(~c) llstl; itlsf()lrll
11 = “’7?; .’1’’’~c.~c l’rolII  tlIe fiIst  colul  IIII o f  lk]uatic)n  ( 7 )  we lIavc:

{

1{], -{ 1
k,= -

2
(s)

1(2I
kg:-

‘2k,.
(9)

1(:{1
k2:-

M,.
(10)

I f  L,. : O, another COIUIIIII  IIlust  h USN],  and  a si]l)ila]  set of s o l u t i o n s  calculatd.
l’illally, l’kluatic~]ls  (3) and (4) IIlay 1)(’  incorporated  into a glol)a] dcfi IlitioIl of frarlle  velocity:

v: [I),(JJ] (11)

wllcrc tllc scalar velocity is also calculated as ill IIkluatic)]l (3).

3 Segment Velocity Illcniling

‘1’0 IIIOVC slllootllly frolll  OIIC scgrllc)llt (0 allot ]ler, tllc veloci t ies  of  tlic seglllents IIlllst I)(I l)lPIldMl
logctllc]. ‘1’()  acllievc> this, lIlhlly  strategies ha~c  t~m>ll su~~cstcd [9, 13, 5, 14, (i, 7]. \\’e  will r ev i ew
t,hcsr  tvitllill  a fralllework  that u t i l i zes  tile follo~vi]lg collvelltioll:

(13)

(14)

W] I(IIT 27 js ~]Ic~ lj]CIIId ])criod, dc])e]lc](~lit 011 tile l[laxi)l~uln allol;’cd acccleratioll. a s  w i l l  I)c SIIOW’11

l)clmv. ‘J’llis iln~)lies  that  tile IlorInalizwl  tilllc ~)aralllctcr s C [0, 1],

‘]’0 S]llo{)t]l]’y”  b]~]ld frO1ll Vd t o  Vb C)VCI’  t]l{’ i]lt[’r~a!  S: \~e [’]1)])]()~  a ]lorIl~ali7,(’(]  \)](’ll(]ill~  fllll~(ioll

f ’ (s )  E [0, 1]. lJtilizillg this function,  the i’c]ocity  })rofilr  dllritlg tlIe  l)lcIIId  is:

v= Va(l  -  f’(s))+  v~j’(s) (16)

v. + (Vb - Va)f’(s) (17)

and tile accclcratioli is:

1
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*

(20)

ashllfni]lp,  that  IIIC dcrivatitw of .P(s) is a sylnlllctric fulictioll  with a IIlaxilllulll  value at s = 0 .5 .
‘1’lICIC  arc srvcral si]nplo  choices awilahlc for blclld fu]lct ions. ‘1’hww  arc })lo~’idd  IW1OW, aloIIp,

with tllc r’csultallt  fO1lll of tllc v e l o c i t y ,  acccleratioli, ilIld })1(’11(1  tiltle.

ljinear Velocity II]ending [13]

f’(s) : ,, (21)
v~ - Va

<a :
2T

(22)

~T ,
!Vb - V.1

la[77LQ0

(23)

Third Orcler  Polynomial Vdoc.ity }Ilending [9, 5]

f’(s) : - !2s:’ + 3s2 (21)

(Vb - v.)
a:-- ~T (- 6.$2 -+ (jcs)

[Vt, VQ I 3
2T =- -

lal,,,~, 3

Cycloidal Velocity Dlencfing [7]

J’(s) u si112 TS

(Vb:vc, )n ,
az-

‘2T i ‘]” ‘“

2!5)

2(;)

27)

2!S)

‘1’hcI cycloid has a functional  forln  vmy  close to that of the 0(3) ]dynolllial, I)ut (10[’s Ilot tlav(’  a
(Iisco]ltilluous jerli (tlIc derivative of tile accelcrat ion ). III turn, the 0(3) polyflolnial is sul)crior 1 0
tllc l inear  forll) sillcc  tllc latter IIas discontinuous  acce le ra t ion  (aIId illfillitc jerk). ‘1’lIc  stretl~tll o f
tllc linear forItl is that i t  requires  tllc least tilnc sillcc  tlic acce]eratioll is  applied constantly  at tllc
Inaxilnuln l’aluc  a l l o w e d .  l’i]lally,  ]Iote  that lllalIy  other  fulictions arc possil)le;  ill l)articu]ar, all
odd  order l)oly]lolllia]s.

l’i~ures 1 SIIOW tile lJlCIIId  S})CICXI  versus  tilllc for a sl)ectruli] of arlgles  (0,.15, {)(),1 JIT),l X() dc~)  l)c-

tweell  tile i]litial and final  velocity vectors fc)r tile case of Ival = [VLI,  Ia[,,, n,. :- 10 lll/S~.  l~i~urc l ( a )
s]lows  tllc sl)ccds  for Ii Ilcar  velocity blelldilig. l’igurx’ 1 (b) shows the speeds for t bird c)rdcr lmlylIo-

lnial l)lv)idill~. ‘1’lIP  p r o f i l e s  f o r  cycloida]  b]cndin~ arc extremely close  to tllosc sli(ni’li ill (t)).  ‘1’}10
c u s p  ill tllc plot for 180 degrees is due to a chal]ge  ill dircctioll, and  d o e s  not indicate  a discontin-
uity ill tllc accelerat ion, A l s o  IIote  tflat W’lICI]I  tllei]litial and fi]lal velocit ies  arecqllal tllc sl)ecd is
constant  across tile hlclld.
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135 deg.  ]’igurc (b) snows a transition LCLWNIII  two velocities of u]lc’qua]  lllagrlit Ildr.
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lf’i,p;  ums  2 show’ a Co]tll)ariso]l  of linear, Illird order  I)olyllolllial, a]ld cycloidal  vclo(ity I)IcII(Is,

2. l’igurc 2(a) slIo\Vs t]lc  t)lclld s})md for a tlallsitioll I)ctw’cc]l tlvovclocitiw  oftvitll  Ia[,,tn,. = 1 0  m / s ’
equal ]na~nitud~  at all allglc of 135 degrees. l’i~ure 2(I)) s]lo~vs  a trallsilioll l)cttvce]l Ilvt)vclocitics
o f  uTIwIual  Illagllitudc. II) this figure, tllo itlitial vc]ocity  is mm, llolvcvcr  tllc Ilarlsitioll curve tlas
tl~c same sllal)c for two no~i-mro  parallel velocities. 11’IIrtlIcr,  lkluatioll (Ii’) sllolvstllai  ttlis forltlof
tllc blr]l(li[lg  c)ccurs for each colnpollellt of tlic resultant l’cloci(y  vector.

4 131cndingtlhe Position Trajectory

‘1’llcl,lc]td  c) ftllcc~lld efrcctc}r  l)ositicjll  (p)isdcscril)cd  hydircct illtc~rat i(]]lofl ~(l(lati Oil” (:;).  (Sca la r

(Illalititics arc IIalldlcd  ill tile salnc way. ) ‘1’llis yields:

p :
/

1!(s) (// = 27
/

w(s)ds (30)

= po-t v,,27s+  (11/)-  V.)27
/

j’( .< )(/,$ (:{1)

p,,+ V.2TS+ (VL- v,, )27~(s) (32)

where pc) is  the initia] position a s  t he  blend  is c]ltcred. ‘1’hc forlll  of t]lc  integral of the I)le]td
flllictioll dctcr]lli]les tllcs~)atial for]ll tracd l)ytlIcJ  I)atlI. IPor tlIctlIrec  lIlcIId fullctio]ls  co]lsidcrcd,
W,(I IIave:

l)illcar : f(s): +s2 (33

C)(3) l)olyllomial : f(s): -  ;s~.{ s“ (31

(;yc]oidal :  ~(.~)= ~- ~nsilln.s (35

lkluaticm (. ;) p r o v i d e s  a  sccolld  o r d e r  poly]lolllial, slid tllc I)lelld is I)aralm]ic.  l~qualioll  (;Jt
l)rovidrs a fourtl] older  poly]lolllial, and the hlc]ld that is stee}wr. (lli~ll(rol(lcrcv(ll }Jolyllol[lial

fullctio~ls  will be irlcreasill.qly  stcc}wr.  ) ‘1’IIc  cycloidal t)lelld l)atll  rcll)aills  s i n u s o i d a l ,  l)ut IIas tllc
additiol) of a linear tcrlll.

l’igurcw 3  s h o w  the spa t i a l  and telnlmral I)atlls  for a transit io[l twtwrcell  vO aHd v~, suc]l that

VnJ vb, [vc,l= [vbl, witlllal,,,o,= 1“0 JtI/S2. It is a])parc]lt,  froln  l’i~urc 3(a)  that  tighter corllcriup,
call IM accol]l~)lished  with polynomial aucl cycloidal blmldills. IImvcvcr,  this  rcqllircs lol]gcr  I)lc[ld

tilllcs (orlargm  acceleration, a n d  t h e r e f o r e  g,matcrjoint torqum  fror[l tllc actllators). IJigurc  3(}))
SIIOWS  tllc ~)ositio~ls  as a. function of tilne, which arc cssclltially t}le illtcgyals  of tlIr velocities stlow’rl

iII 11’igule 2(b). ‘J’hc f o r m  o f  these curves also repmcnts  tllr fu]ictiollal forln  of III(I  posit io]l l)lctld
functiol]s, IIkluatiolls  (33)- (35).

s 131cnding the Orientation

IIlcndillg of tllc orielitatioll  is lnorc colnplicatcd tllall p o s i t i o n , sillcc ttlr angular  ve loc i t i e s  arc

Ilollllolo]lc)][lic.” IIowever, t h i s  sectioll sllmvs  t h a t  a  close  :I})l)r{)xirllatic)ll to a]lalytic oriclltatioll
l)lelldillg  call  lm c)btaillccl. g’llis r equ i r e s  llull]cric  illtegratio[l of tllc ro t a t i ons  ol)taillcd fro]]) tllc

ilistalltall(’c)lls  value ofthe blcHdcd  angular velocity.

5.1 notation Matrix IJlencling  for Or i en ta t i on

III rcfc>relicc  [13] ‘J’ay]or  p r o p o s e d  a  IIletllod  of t)lcllding  orientation  basrd on rotat  ioli Illatrices.
A gcllcralization of this method will bc l)rcsclltcd he r e . III this Inettlod, the allloullt of rotation
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tlIe  s})atial  a]Id tcltll)ora] pa~hs  f o r  a trallsitic)~l  VO d v}, aIId Vcl =

colltriljlltcd by Cacll rotation Inatrix is  scaled Jvith t h e  ~)revious]y prcsclltcd l)le]Id  furlctiolls:

(3(j)

(37)

l’i~urc 1 l)rovidcs a gra~)llical  de})ictioll  of this t)l(lldi]l~  IIIetlIo(l, I’rior  to ttle lJleiId tllelc is Illotioll
aWaJ’ fro]]) 1 11(’ orientation Of the l)rcvious  frallle, I’; . . ] , a]ld tolvard tltc ilitcrl]lediate orir]ltatio]l,
a = 1’1. ‘1’11(’  COllStallt angular velocity I)eforc the l)lelld is w ~1, all(l tll~’ ~jl(’lld  Lc’gi]ls at oriclltdtion
O.  ]11 ~]liS  Ill C~]l O(], fOI’ (’a Ch illt CrVal aftC’1  O a I’otatioll”  iS COll  S~l UCt{’(1  ~11(]  a[)])]i(d ?ICC(JI’(]ill~  10 th(’

rot,  atioll  matr ix Me]lclilig de sc r i bed  by IIkluatioll  (36) or (37). After tile Ilorlnalizd })le IId tilnc s

IIas b(’coln(’  u]lity,  tllc colnlnalldcd angular  v e l o c i t y  w i l l  he w~, aII(l  tlIcI corlllllall(ld  orielitatio]i  is

b. fllkr this time, tl]c  t r a j e c t o r y  colltillucs t o w a r d  tllc IIcxt  t a r g e t  frallle, 1+ ’,+ , , at tllc coIlstarlt
all~(l]al’ V(’]OCitJ’ Of LOb. ‘1’0 avoic] facctecl  IIlotioll  t]lrougll tll(~ ble]Id,  tllc Ilorl[laliz(yl  til[)c  IIlllst be

incrc’lllclltcd  ill ill finitcsilnal intervals.
11, referc]lcr  [13] ,  the for*nulation of this l,le*,di*lg scl]e*r)e  is prcsc]itcl  wit],  ros~~cct to fra,,]c a,

]Iot o .  ‘J’llis altc’rllate reprcsentatiol]  call he scwrl I)y startill~ wit]] l’lquatioll  (36), and  utilizill~ tllc
identity:

u’~,o~~o  z ““?/a”’ Roo R(, (38)

“’?Z. *7?O[U.T]’”R0 (39)
. “’7?. [’7-/.. [- CI)OT]YRC, (40)

wc IIavc:

“’’R.(S) L “’~oo~.a  [Ldo~T(S - f(s))] “’7th [~bz~f(.$)] (11)
—. ““??.a%a [- UaT] “’R.. [LOa2T(S - ~(s))] “’R.b  [ubz~~(,<)] (42)

. ““R.a’)’R.a [LO.2T(S  - j(s) -- $)] ‘?26 [cu/,2Tf(s)] (13)
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Figure 4: ~iral)llical d e p i c t i o n  of the t}lclldillg  dcscritwd by lkluatioll  ( 3 6 ) .  Sec the text f o r  a
dcscri})tioll.

IPurtllrr, Jcferellcc [ 1 3 ]  mIly coIlsidcrs  the linwir  hlmld case w i th  ~(s) = ~s2. ‘1’his  gives:

“77.(S) = “’%?O  (’ 72 . -L O.T(l - .~)*]  “7z~ [Lobmz]

Sulmtitut,ill.g  l~quations (’l),  (11), and (15) yields:

‘1’llis is t hc forln  of the rotation tJlcIld ~)rcscntcd  ill [1 3].
l’i.gurcs  5 l)rovidc  a  graphical  depiction of cllallgc ill tllc target fralllc (a) and  tile dire’ctioll  of

t h e  angular  vc]ocity vector (h). ( A  constant  sl)at, ial ~relocity lias  also  he ~iscd, to sl)mad  o u t  tllc
vectors for })ictorial  clarity. ) l’igum  6 slIow  LIIc clia  IIg(’ ill tlIc  target frar[lc  t)asis  vector coIli~)ollcIlts
uIIder  this trallsfc)llllatioI1.

5.2 incremental  Rotation Blend Components

1~ is illforlnative to look at the rotatiolls that rc~)rcsc]lt the individual irlcrernclital rotatio~l  t)otwccll
successive til~lc irlcrcmellts WIICVI  utilizi~lg  IIkluatioll  (36). (Iollsidcr the diftc’rmcc  l)et~vccll successive

frallles dc~)ictcd  in }’igure  (7). ‘1’lic illcrernclltal rotation l)etwcc]l  succes s ive  oriclltatiolis  is:



(a) Sl)atial  l)atlI  of frattlcs.

l’igure 5: ‘J’IIc spatial trallsitio
tatioll l)l171id utilizing l’kluatio]i

\vl IeIc c i s  tllc illfillitesiIllal rotation ol)crator  [4]. ‘1’llis  result indicates cacti  illcwlllelltal mtatio]l
o f  ‘1’ay]or’s  scl IcIIJc is {’qua],  10  first  order, t o  tllc mtatioll l)rovided  I)y tile illslatitalltwus aII~IIla  I

velocity.  ‘J’l]is j]n~)lies tl)at it is jmssiblc to I)lel]d tl)eal)guldr ve loc i t i e s  utilizill~ l’;quatiotl  (17), atid
ol)taill tlIc  irlcrelllclllal rotatioIls  frolll  tllc value  o f  tlI(, illstalltallcous  aIIgular  vv]ocily.

5.3 Angular  Velocity Blencling  for Orientation

A s  \vas discussd ill tile l a s t  scctioIl, t h e  illcrert~erltal  rotatio]ls o f  aII oriclltatiotl l)lcIId IIIay I)c

a])])roxi]l]atcd  l)y u t i l i z i n g  tlIe i]lstalltallwjus  a]lgular  velocity providd  hy lkiuatioli  ( 17), ‘1’tlus. ttlc
oriolltatioll of tllc target frame call  he corll})utcd  l)y utilizing lkluatiorls ( 1 ), (1), (7), ( 11 ). aII(l ( Ii’):

7?1
7“’7?  (s,,,  ) = “’’R,, ~ ‘“R  [CL!(  S,, )As] S,, : II fiv, A,, ,  ]/i\: (57)

IL, O

w’llt)rc .4’ is tile total Ilulnhr of steps for t }Ic colnplctc blclid. l’i~urv  S JJrovidcs  a ~ra~)llical  dcl)ictioll
of t IIis I)lclldillg  II IetlIod. IIeforc  t IIc tjle~ld, ttlvrc is Illotio]l  a\Yay frolll  tlIc  oriclltatio[i of tlICJ ])rcvious
frali]cl }’z_ ~ , aIId t o w a r d  t h e  i~lterlilediatc orielltatjoll,  n = I’t. ‘J’lIc  co]lstallt aligular ve loc i ty
l)cforc  t II(I l)leIId is UO. ‘1111(1 hlelld  Legills  at oricl]tatioll o . ]’or cac}l illtcr~wl after O,  a rotatio]l
is collst  ructw] artd al)~)licd accord iztg to tlte a n g u l a r  vclcwity  ljlcIIIdirIg  I)rovided  l~y }lquat  iorl ( 1 7).

Af t e r  tllc IIorlnalizd  blend tilnc s has
ldcally, tlie t)lrlld  w i l l  I)c coln})lctc  a t
tolvard tllo IIext target fraltlc, }’, + I .

t)eco]l]e  unity, tile comIIIalIdd angular  v e l o c i t y  \vill  i)e  cd~.

tlie  desired orielltatio]i, o. wrllere tllc t r a j e c t o r y  continues
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F’igure  8: (;ral)llical de~)ictioll  of t h e  t)lc]ldillg  d e s c r i b e d  by II;quatioll  (57). SC(I tlI(I  t e x t  f o r  a
dcscril)tioll.
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(a) Slmtial  I,ath of fra,,m. (t,) A,,gular  velocity vectors

I

z
o

l“igurc 9 :  ‘1’]lc sl)atial transitiol~ o f  the target fralllc and  ttle aIIgular  ve]ocity  \Jwtor, dllrill~ atl
orie]ltalio]i blmld utilizi]lg l’k]uation  ( 5 7 )  aTId third order polyllolllial blclldillg.

I II p r a c t i c e ,  ve loc i t y - l ) a sd  I)lc]ldi]lg calI pmvidc cquival~]lt  blcIIds  to tllc rwtdtio]l  ]Iiatrix ]Iicttlod
descr ibed  l)rcvious]y. l`i~tlres9  sllo\\'a gra})llicalc lclJictic)lio ftllfJcllallgci1l ttlclargct fralilc(a) alid
tlleclirectioli oftll(~a llgularl  elocityl(,ctc)r(l  j) fortllir(l” c)r(lcrl)olylloii]ial”  allgu’larvc]ocity })lc]idi[lg,

wit]) lal?,ta~. = 10 ]tI/S2. A constant  lillcar velocity is also utilized to s]jread  out the ori~iils  of tllc
frallles for c l a r i t y .  l’igures 10 snows  thcchii]ip,c ill tllc target fralllc basis  vcctc)l((JIIll)O1ic’Ilts uIIdcr
t h i s  tralisf{)llllatioll. (;olnl)arill,g }Figurcs 9 slid 10 with l’i~urcs  5 alId 6 sllotvs  tlli{t tli(’re  i s  Iittlr
diflt’rcllcc  I)ctwcell  l)lclldili~  scl IcIIIcw, CIVCII  JYIICII usillp, difl’crclll  l~lerldill~ ])rofilcs.

5.4 Compensa t i on  f o r  Second Order Ijrror froln Angular  Veloc i ty  }I]endillg

l,ooki]lg closely  at l’igurc 10, it call  bc  SWII  that tilrrc is SOIIIC s]tlall  r e s idua l  error ill tJIc coIIIl)oIIeIIts

O f  tll(’ basis  vectors .  ‘J’his error resul ts  froln  tlIQ swoIId order (,1101  i]ltro(jl]c(yl  t)y tll(,  illfirlitpsillla]
mtatioll apl Jroxilnatioll ill Section 5 . 2 , ‘J’llis CaII I)e uIIdcrstoo(l”  I)y co]lsiderili~  lIo\v tllc aII~ular

V(,locit,y ])](~I){]i[lg  ~f~i~cts t]lc rotatioll I)]e]ldillg,  (~o]lsidrr  first tlic case of total colllplctioli of rotation

l)y Lon, l)c’fore rotation l)y ti~ begins. 111 this case, tllc rcsultillp,  rotatio]l is exact:

w]l~~~  t]l(’ r’()(~tic)]ls  “??a a n d  ‘R+ ha~f? ])c~]l divid(d  into ly ])~rts, IIlelldillg  the all~uliir k’clocities
is equivalc]lt to cllaligillg t]lc  c)rdcr of SOIIIC of the rotatio]ls at tlic cc~lter  of this cilaill,  l’or illstallcc,

utilixill~ tllc infillitesillla] rc)tation a})})roxirllatioll  [1]:
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‘1’lIis  ccJIm IIutat,ioII  o f  tlIc  i]lfillitwiilllal  lotiiti  O1lS lIlay  I)(’ colltirlucd  Illltil llIc  }JrolJcr sc(lllclice  i s
attaillcd. llo\vcvcr, sccolId  order  crrwrs  ari.w frolll tllc iflitial  til~l)loxilllatic)ll  o f  ‘R V ( 1  + c )  ilIld

fro]])  tllc d i s r e g a r d  Oftllr Colnlnutatol  (tll(~(liff’(~l(lric(’  1)(’tw((’11  tile scquc]lcc  ofttlc rotatio]ls):

[~+ ~.l,l-t c}j]= Yc./tcB-  Lc};c.i (63)

‘1’l]c]ack oftllesc sc,colld  o r d e r  ter]llsexl)laills  tlIcslt Ian c’llc)ri]ltro(lll((’(1  I)y arlp,ular  velocity  I)asd

ori(’tltatio)i”  l)lendiltg.

‘1’11(’clla:lg(’ill  pos i t ion  of C’Rc, * alI(l  “RLJ  o p e r a t o r s  ill t IIe s(x]u(JIIcc  is rclllilliscctlt of diil’IJsic)]J.
A s  tllc “730 * ‘diflusc’  farther t o  t,llc ri~llt, al)d llICI O’R~J  ‘difl’usc’ faltllcr t o  tllc left. 1110 Ctlallpy(l
ill oriclltatiol] I)ecollles  II]c)rc I)lcllded.  Sillcc  tllc illfillitcsilllal mtatiolls ciil I II(I Icl)rcs(’lltd  t)y tllcir

aII~II]ar  velocity cquivalcllts, tllc difl’llsion  ~)rofilc  is cquiv:iletlt  to tllc v e l o c i t y  I)lc]ld  I)rofilc. l’or
illstallce, t]lc  sha])c  of Illc c y c l o i d a l  blclld  llrofilc  ill l’i~urc 2(1))  indicates Illorc  difl’llsioli tllall tllc
lillc:tr  o]le. l’urther  slnallcr values  of [al ‘1?)lf,j [i S0 iln])l.v  lrlorv difl’usioll , sillcc  tllcy s])rc:td out  tllcsc
curves. hfiorcdiffusio]l  illtlocl~lcoss(lcoll(l  ordcrcrror. ‘I’llt>refol[),l  ill fJar})lcll(lsall(l  IIigll  accc~lcr:ilio]l

l)lc])ds result ill less residual  mrorfor  a givm value of Ial,,,,,,. IIowcvcr,  lillcar I)lerlds wil l  result
ill Illore  error if tllc t)lelld tilne i s  f i xed  illstcad of t}lc accclcratioll. ‘1’llis call lNI u n d e r s t o o d  I)y
lwsc]lillg tlIcslo])c  o f  tllc’linmr 1)1(’lld l i n e  ill l~igurc 2(1)), thus illtroducil]g ]Ilorc difl’usioll.

'l`c)l)rcJviclc  s[)lllc (lualltitati\'t` (l{'scril)tic~ll  to this discussion, tllc fo]lowillp,  tahlc sllo}vs tllc IIIag-
IIitu(l(’ of the orientation error for the cxaltII)le  previously considered.

:. :_...

blend t,ypc Ia/,,L(,,=  loi/s~

linear 0,2{)0
0(3)  polynolnial ():39°
cycloidal 0:11°

Ial,,,n,= 511~/#
1.16°
1.56°
1.62°

It isal)l)arcllt ttlattll{Jsec  >rrc~rsar(JslIlall  arid ITlayl)c’cc)rrc’ct(tcl  (asdescril)cd  b e l o w ) .  Suhstaritially
larg(’r errors arv  JIOt possihlc si]lce tllcy Woul(]  require  rllllclt slllaller accc’lcliitiolls  \vllicll r e q u i r e
lollgcr hlclld  tillles. ‘1’oo  la~ge o f  a  hlelld  tililc Iilultil)lied  I)y Qfl o r  cob lvould i]ldicatc :i rotatio]l
~reatcr tllall lSOO ill tllc initial o r  filial  lc,gs. Sucli l a rge  ro t a t i ons  lIavc,  I)WII  })rccludd l)y l;(]ua-
ti{)]i (5).

Wllilc this slnall error i n t r o d u c e d  t~y olIe l)lcIId dots IIot IIcccssarily  rcqllirc coll]l]c’llsatic,ll,  tllc
sulrlll)atioll of t,his error o v e r  sucmssivc l)lc]lds  Inay twcollle  sigilificallt. ‘1’0 colllpcllsatc for  tllc
residual error,  \vc ~)roposc  tllc use of a correct ion tcIrIii  whic]l i s  c a l c u l a t e d  a t  tllc eII(l  of c’1’ery
velocity l)asml blclid  of orielltatioli. ‘J’llisterlll is  tll(’illcrcIll(~rltal  lotatioll frolt}  tile r(’sultallt frall]c
t o  tllc desimcl  fralncat tllc Clld of tile oricntatioli  t)lclld:

Wkcm,  vc,,,]= (U’RaaR~[&JaT])  -*’’’AS,\=\=  ] ] (61 )

IT I ~)ractice~ kc~~ al~d yc~r call  bc easily calc~llatcd  by lk]uatio  Ils (5)  and (6). A  corrcctio]l vrlocit,  y
IIlay then t)e calculated and a~)l)licd to tllc ]eg of tllc trajectory t)eillg clltcrcd, for tile tilnc sl)ecified
10 tllc IIcxt via frallle:

u COT  : k,.,,TjOc.,,,/( rl;+l - T,) (65)

‘J’llis corrcctio~l  tcrln i s  Inodificcl  by a  gain, f;Cc,T and  add(’d tO t]l{’ all~Lllar ~(’]oCit~  Ub. (Sillc(’

it is k’(’~~ slllal]  ill IIla~llitUd  C’, (’OIICCrIls  dbol]t  clla]l~i]l~  t]l(’ Va]U(’  O f  Ub }lavC’ h{’(’[1  i~llolo(].  )” ‘~’il{’
~ai]l is IIcedcd  to Inailltai]i stal)ility ill what,  is eflictivc]y a  l o w  balld}vidtll  fcwll)ack  co)itroller. I f
l}(lllatiolls(57)allcl (64) wcreli11ear, this discrwt tirllt’cc)lltroll(’l  would  l)estal)lcforo < I(C,,T < 1 .

IIowevcr,  for tllc IIolllinear orientation b l e n d i n g ,  w’c haw ellll)irically fou]ld stat) ility for gains o f
0< A’co, <0,3.
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6 Il~~~)lcllle~lt,atiol~ Considerations

‘1’hrcc  Itlail)  illl}Jlc’lllc’lltatioIlal cc]llsi(lt~laticJ1ls  lIa\’c I)(’C]I  ac(c)]tIIII(J(latc’(1  ill o u r  scllclllr: 111.axilllulll
acceluratio]l,  ]tli]liltluln  1)1 CIIC1  lilnc. and  veloci ty sul]ll[latioll.

6,1 MaxiInum Acceleration

Sil)ce tltc calclllated t r a j e c t o r i e s  arc to l)c exccutcd })y real  Illalli})ulaiors. tll(’  (’OIIIIII?III(l(YI  acc(’l(’l’-

iitioll  lIIust  he lilllited to wha t  i s  acllievablc. l’urthm, tllc acllimahlr task s]mcc accc]erat ion of t 11(I
ar]n  clrpcwds  0]) the cm)figuratioll o f  (1IP  robot arln. III  difkrcllt  ])arts  o f  ttlc w’orlis~)acc,  difl’crellt

task slmcc  accclcratiolls arc possible . ‘] ’llcrefore,  two lmssil)ilities exist: 1 . )  Iilllit all task s})ac(’
accclcratiolls to the worst case accclmatiol] of (Ilc arlri, or ‘2. ) crcatc a col])])lctc  Illal) of (Ile aclliov  -
al)lc  task s~)acc accclerationsj and lilllit tllc t rajectory blclldill~  accordill~ly. llo~vekrcr, crcatill~ and
accvssill.g  such a Illap  is alltici~)ated  to I)c very  cult Ibcrsolt  Ie. ‘J’hm’fm,  \v(’ IIav(’ Curr(’lltly  Cllosell
to  work  with tllc first, and  silrll)lcr, of these two ol)tiolls.

Another  co]lscqumlce  of limited acceleration is that it erodes thp  straight line lcg scginc]lts of
the trajectory twtwccIl  via fralllm. ]1’or a slllall  cllou~ll  acccleratioll, O]IC lJlc]Id \vill rtId  as allotller

bcgills. 1’01 accclcratiolls slllallcr tha~l this. ollc  I)lclld w o u l d  Ilavv t o  tx>~ill I)cforc arlotller c]lds.
Lf’Qdo  not perItlit this  to occur. III this case, the acceleration is illcrcaswl to tllevaluc HCNINI  for

collcatcllatcd  hlcndillg. If tlic increased lcIvcl of acceleration is IIot acllie~’al)lc l)y tllc ar~n, tltcll tllc
via fral]les  arc not reasonably sclcctd  slid uliavoidable  posit  ioIl errors  will occur.

6 . 2  Minimum  Blend Time

I)UC to tlIe discrdc  natumof  tllecollll)utcr  illll)lell~clltatio]l  of thcw al~oritllllls, it is necessary to
sl)ccify  a ]Ilillillluln  liumber ofiteratiolis  over  \vllicll all accelcratio]l is slwcified. l’rolll lkluatioll (20)
this qllalltity is  the ll}illiTnlll[l allowed  iwluc  o f  2T. I f  a  ]Ilillilliu]n  is ]Iot sl)ccificd,  tllc calculatd

l)leIId tilne may tJccoIllc’  colll])arat)lc totll[’ algc)ritlil]l  cycle  tirllc. ‘1’IIus, thccalculatd velocity aIId
})osilioIi w i l l  l)c cliscontilluous,  ])rovidillg  ljoor illl)ut to t h e  arl II colltrollcr. We IIavc c~lll)irically

(l~t(’rlnincd  and utilized a minilnuln value of twenty  ilcratiolls  pcr  hlc]ld. f\ direct  coIIs(I(]u PIIc(I

o f  this sl)ecificatio]l of  2TnL~,L is that tlic IIlaxiltlulll  a l l o w e d  accclcliitio]l is also lirllited. If IIlorc
acc[”lcwt,ion  is desired, a]~d the malli~)ulator  is cal)ahlc of it, tllell  27 ~,L~7L Slloul(l  1)()  IWlucd.  II OWTVC’1,

to km]) thcsalnc ll~ll~~l~crofiteratiolls hcr I)lclld with a reduced 2TT,,,,(, tile algorithln rate Illust  I)c

increased l)rol)ortiollal]y.

6.3 Ve l oc i t y  Summat ion

‘1’0 I)(’ al)lc  to lnoclify  co]]lmalldcd trajectories  with other  control i]l])uts, tllc COIIIIIIa  IIdCId variat)lc

Il)ust  he a velocity (a generalized flow variahlc), Ilot a position [11]. l“igurc  11 shows our current
iil)l)lelllclltatioll. ‘1’he  trajcctorygcli(~ratc)r  is subject to lnodification by t]lc  i[l~)ut  of a joystick or

.,
a proxllnlty  Sellsor  nlollit,or  })rocess.

lltilizi]lg the veloci ty blmdilig  scllclne ))rolmscd  ill this lmlwr, vclc)city out})ut  is ot)taitlcd (li -
rectly. Alternatively, if a]lalytic integration  of I)ositioll  is USWI  (as ill lkiuatioll  (32)), 01- if rotatiorl
matrixorientation  blc]ldingis  used  (asin l;quation (36)),  then thevc]ocity  Ii)ust lwobtaillcd by dif-
frrc]lcill~ tllc rc’ferc’llccfralllcs, A s  will bc SNII  in tllcllext sect ion,  this require  sextra  colll})utalio]l
1)01 ]lccdwl  wit]) a I)urcly  ve loc i ty  })ased scllelnc.
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l’igure 11: IIlock  d i a g r a m  o f  our exlwrimental ill~l}lclllclllatic)ll  of  the I)roImsed  v~locity  based
Irajcctory  l)lcllcling.

7 Computational Costs

l’igurc 12 l)rm’ides  an outlillc of tile coln~)utational sttIps  and  costs for lmt]l  ~)c)sitioll-l)asc’(1  iiIId

v e l o c i t y - b a s e d  Llmdillg. ‘J’he equations  illvolvcd  ill Cacll stci)  arc a l s o  suIIIItla .Id. l’illally,  aTI
cstilllatc of thcI colt~putatiolla] collll)lexity is .qi~’ell I)y stating tllc IIu[nt)cr of additloil>, sut)tractiolls,
]nultil)lirs, and cliviclcs required, as well as the trigonolllctric  (aIId squaw root) o~)cratiolls  IIccdcd.

‘1’lIc  t o p  section of  the t a b l e  reviews sol IIf.’ COIIIIIIOII  st(’l)s IIccdcId f o r  hot]i  SC} I(III)(JS. Of thcso,

tllc fral[)c  diffmmlcillg  and frame illcrcnlcvitill~  are very cost ly . ‘1’llccalculatioll of J(s) or J’(s) is
varia})lc  sillcc’ i t  dc~)e]lds o]l the bleIId functions CIIOSCJI.

‘J’l)c scco]ld  and t h i r d  sections o f  tllc table s]tow tllc al~orithlllic difltircllces  t)et\\w~ll tile })osi-
lic)ll/c)rielltatic)l~  t)lelidill~  and the velc)city  t)lc’lldillg IIIethods. ‘I’IIc  IIIost strikirlg  (Iifl’crcllcc  l)ct\v(xIII

tllc t~;’ofolll)tll:~tic)lls  is tllc reduced colll})utatiolial cost oftllc velocity l)lcll(lillg  It IctlIod.  l)urillfl a

l)lc]ld  i t  rcquiresonly  120~wratiolls, \\Ililc’t lic~ljc)sitic~ll/ c)riclltatic)ll ]nct}lod  rc’(l~lirc’s  l(i~)[)})clati  c)]ls
})lus cigllt costly trig or square root calls. ‘1’11(,  siiuatioll is Inucli ttlc sallle duri]lg tllc s t r a igh t  lillc

]cg seglllcllts of tlictrajc’ctory,w’llcl:e  tllc velocity based scllcltle  requires zero  operations, \vllilc  a
co]l]l)lctcly  })ositio]l based sche]nc  requires l(iO plus 5. ‘J’heeflicicllcy  oft}lc velocity l)aswl scllelllcis
])aid forl)y  tlleoverhcad  Jleccssary (Iurilis  tile trallsitioIl  froln  t)lcIl(l  tolcg scglncnts.  ,It t]lis  ju[lc-

ture, the ve loc i ty  schc]ne  mus t  lnakc 207 l)lus 6 opmatiolls,  wllilc  tlie l)ositioll/ori(’Ilt:ltiotl sclIcIt Ie
requires  oTIly 69 plus 2. llowcIver,  t h i s  overhead o c c u r s  o]lly olIce fc)r eacli  via frallle, co]lll)arml
to tile ltu IIdrd  or thousands of iterations that occur for tlie I)lc]ld  or lcg scg[lletlt  colrll)ulatiolls.
~) bvious]y,  vc]ocity blmlding introduces a significant CO1llpUtatiCJ1la]  savings.

It is illllmrtallt to  note that  sonle of t}lc colll}Jutatiollal advantage  of k’clocity l)lclldill~  is int-
roduced  by tllc~ assulllpt,ioll that  the outl)ut  of a t r a j e c t o r y  ~c]lcrator IIlust I)c a  ve loc i ty .  ‘1’11(~
lmsitioll/orienta tion scllelne must  ut i l ize a lre]ocity  ca l cu la t ion  step during tllc I)lc]id  alId leg scg-
]Ilellts  \vhicll  costs 69 })Ius 2 o p e r a t i o n s . llo\vever, cvc]l w i t h o u t  t h i s  stcj)  tl)v vo]ocity  blc’lldillg
Illctllod is significantly faster. l’urtller, it \vas S]low]l  ill tllc last scctioll \$’lIy velocity output is Illore
lls(~ful.

(J]ic o t h e r  co]nputatimlal  burdcll is illt]oduccd to tile l)ositioll/c)riclitatioIl 111(’tllod  t)y ttlc as-
sull)])tioli  t h a t  l)ositio]l, [p,k~,~~],  is  sl)ecified  a s  a  fullctio]l  o f  til[lc during the lc~ scglilellt. Al-

tcrllativcly,  tllc ]cg scglncllt veloci ty  could I)c ~)rccolill)utcd  and utilimcl  directly as ill tllc vc]ocity
I)]c]ld  l[~ctllod.  SiIlcc k i s  collstallt durillg tlie leg scglilellt, 110 errors would he irltroduccd.  Also,

tllclc~ velocity must IJecolnl)utcd  arlyway  if the lnaxilnuln accelerat ion cllecksaretol)c Ilerforlllcd
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33, 35, 34
36
36
36
36
1-6, 11

1-4, 7-11

1-6, 11

1-6,11
20

21, 27, 24

17
17

1-6, 11

64, fi5

M, 65

20

I’igure 32: A l g o r i t h m  Clmcri])tion  and colnl}arisoli, lJ]lder t h e  ol)rratiolls  COIIITIIII,  tlIe values  arc
tho IIulill)c’r of statldard I[lath o~)cratiolls  (+ -- */) .aI)d tile llumtwr of trigollollletric and  other  Inat}l
ol)cratiol]s  (si]!,cos,sqrt, etc.).
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(as is assu][lwl).

,

\Yc ]lave  itlll)lcl]lcntcd t h i s  al~orithlr]  olI all S(;1 i r i s  ~t’orkstatioll  for sill] ulatioll, aIid 011 a  YJIII;
I)as(d  (;8020 llliclcjl)l(~c(’ssor  for control of 7 1)01” ]tol)ot  ics ltcsearcll K 1207 .lrfn. III 1 IIC follotcill~
sill] ulatioll aII[l  rea-tiltle exl)erilllellts, 1 ’via fralnes lv(’rc c IOSC]] t o  cllat)lc  tllc cll(l-t,[lk~ctol  to II IOV(,

clost’ly aloIIg  a sclectcd surface ill order to i]is]ject  it.
‘J’11{1  I ask  of all irlslwctioll was choseTI sil Icc t 11(’ t IIis res(’alcl}  w’as }Jcrforllled \vil Ilill ‘f”lic ltcrtIolt’

,$[1 rfa (-(’ lfL<p(’cfion Ihsk, spoIIsoIed  by Nf\SA to devcloi)  ll]ettlods t o  a i d  ill-orl)it  illsl)mtioll o f

tl]o S~)ace S t a t ion  l:rmlmn. III our ~vork, tile eli(l-eff’ecto]  of  tllc 101)01 arlt) c a r r i e s  all arrdy o f

sel]sors:  two (~~~1) calnmas, t w o  prc)xiltlity  se]lsors, aTI oj)tica]  ])yro IIlet(’r,  a gas scIIsor,  aII(l  ii f o r c e

S(IIISOI.  ‘J’li(~adclitic) llofedcly-cllrrc’llt :ill(lcolltacta coLlstics  (lisc)rsal  ()~)lalilkt\(l. MTllilc our frallleto
fralllc’  ]llc)tiolls  arc’ clesigllecl  to aid ills})cctioll  by tllm’de~iccs, tllc l)rcselltml  techliiquc is ol)viously

exterlsihlc to Illolioll  r e q u i r e d  for purjmes other  than inslmtioll.

‘1’llesillllllatioll was  p e r f o r m e d  olt all SC;] lris41J/70 (; ’I’tlsi~lg tllrt’I’ I)rc>cesses:  trajcctc)ry~cll{r:i-
lio]l, :i]liItlatic)Il,a]lcl  uscri]itcrface. l) Llri]ig tllcsillll]laticJxl  )tllctiille l)c`t\\r(`cIl fraI]les  \vdsass]tlall as
oIIe seco]Id.  ‘1111(’ silnulation was run at 100 Cycles/srcolId (of si]nulatioli tilnc), g’ivi]lg  100 it, eratio]ls
f o r  cwch fralnc to frame lnotiol~.

III additic)ll  to tile scveII  de~rccs o f  freedo]lt  o f  t h e  arltl, t)asc IIlovc]llcllt  was added to  ttle
sitilulatio]l. ‘1’his I)()]r d ra s t i ca l ly  ilIcreascs tlIe  worksl)ace  and  dex t e r i t y  o f  t he  systeltl. 111s0.  it
accurately ref lects  platforl)) ]Ilotio]l  cability that is bcillf+ illtc~riited i]lto  our real  robot systelll.

‘1’lIe addition  of l)latfc)rrli  ]r~ot,ioll  tothc trajectory b]clldirlg  sclIeIIIc is trivial. A ]ICW ~)]atforlll
})ositio]l I)aramcter, ~, i s  acldcd to fra]nc  s})ecificatioll  ill lhluatio]l ( 1  )  aII(l  l)le]I(lc(l  ilt tlIc saIIle

]tla]]]]er  as tlIc ar]ll alIglc, i).

l’igums8.l  (a)- (o) show tllcJs(’clu[Jllccc)farIll  poses fort Jlc8 1)01” lllallil)~llatc)rsystclll  IIloving
thIougl  I 14 coln[nalldccl  frames. ‘J’lIesc  illlagm w e r e  ca})turcd  froli) llIC colltil~uous  lllotic)]~ dis})lay
of the Iris simulatio]l. ‘J’he r ec t angu la r  shalw ill the figures is a ~)art tol)e ills~)cctcd.  ‘1’lIc  tlIree

~)IOII~eCl  jt~]l]  a t  thcellcl oftllcarlll istllec`ll(l-efltlct cJrfralllc s~ll)cli1ll1)c,sc(l  on t]lcgral)tlics.  lort}lc

~)ur~)oses  of this dclllollstratioll, fralneseqllcllcm  wercselectm]  tol)est clelllcJrlst ratctll(’ cal)al)ilities
of  tllc al~orithnl. l’igure 8.l(a) shcws t h e  art]] in a randolli starting pmitioll. l’igurvs  N.l(a)-(h)
s})owr silrlultalleous change in a l l  fralne l)ara]llet.crs:  7 7 . ,  1), L;!, aIId 1. l’igurcs R.](b)-(c) slloiv a
sequence r e q u i r i n g  silnulta]ieous cllallf+c of ‘R, ~’. slid ~ w i thou t  cllall~c  ill ell&(’flt’ctol  ~)ositio]l.

l’igures R.](d)-(f) show two changes ill ‘K., requiring a blend  ill w only. l’igures X,](f)-(h) show
tllc dcxterc)us u sc  of @ and ~ to q u i c k l y  slvitcll  tllc lialldedlless o f  t h e  arllt  ivithout IIlovillg  tllc
elld-efl’ector.  l’igurcs 8.1(11)-(i)  s h o w  a  silnu  Itallcous trallsliitioll (usirlg  ~ olily)  and  rotatio]l of tlie
c]ld-eflictor  (about its z axis). 1(’igures  N.](i)-(l) s]loiv tllrce cllall~es  ill ‘R, rcquirilig t~vo I)lellds o f
w. }~igures  8.1(1)-(111)  s h o w  a  change ilk p only. l~illally,  ii~ures X,l(II )-(o)  slIow a single  rotation,

aIId its i]tverse.  Also, the bascis Inmwl I]acfi  to its starting Imitiotl.

8.2 l’;x]~erilllel)tatioll

‘l’lie  ble]ldillg algorithln  has also becli  illlplclllelltwl for real  -tilnc control oll a 12.5 Mllx IIeurifioll
68020  J)roccssor. F’orthc  tests, atrajectory  si]nilar tc)tllesirlilllatic)[i trajcctoryhas  IWCS]I  exccutcd.
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]Iowevcr, si]lce tile m])ot l)ase  })ositioli i s  f i x e d , tlIc s ize of  tile ills})cctioll  area is restlictwl. A
t o t a l  o f  t\vclvc  v i a  fralnrs  arc used to stall a Imtaligular  Slla])r al)oul  IIalf as lar~c as that  irl
tllc sil]lu]atioll. l,incar blelldin~ w a s  art]itrarily ctloscli  for  tllcsr t e s t s . ])urillg cx[)crin]c]lts  tllc
lnillilnuln tilne bctwcell frames i s  3 scco]lds. ‘1’llc real-tilllc l)rorcss 11111s  a t  41 IIz,  o r  X 22.7 Ins,
giving al)l)roxilllately  132iteratio11s forcacll I_ralllctofralllc  ]Ilotioll.  (’1’llc cotltro]  ratcisgovcrlled

l)y otllcr co]ltrol sof tware,  IIot the procmsi]ig rwluirc>lnellts  of tllc t rajectory t)lclldillg  algoritlllli,
w’llich wc h a v e  sllowll  to be quite IIlinilnal.  ) ‘1’hc pos i t i on  gaili  was h-r, =. 20, aTid the trajectory

correct ion gain  was l~’cor = 0 . 3 .  ‘1’lle millilnurll  l)le])d tilnc \vas 2T,,,,,L  = 2 0  itcratio]ls, or al)out a

IIalf  scmnd.  ‘1’he  ]Ilaxi]nuln  acceleration was la],,,flT = 10 ]11/s2.
l’igures 14 (a)-(e) sllc)wr colllll~allcle(l and  ]f]casurccl \'all](`s fortllc cll(l-cfl<,ctor  flaIll~~a s:lf~lllctioJl

of ti]ne. It is apl)arent that tile arlll closely follows  L]](I collllllalldcd trajectory, with a slllall alnoulll
of]a~ duc lnost]y to the Ro])otics  licmarcll arl]l  colltrollcr.

l~igurc  8.2 s}Iows tllc l]lagllit~l(lcc)ftllc oriclltatior[ ermrduc  to i]ltcgratioll oft]lc Ilc)llllc)lc)rlc)lllic
angular  vc]ocities. ‘I’his  error is colnl)uted a t  theelId ofeacll hlclid  Scglilcllt  usilig  lkluatioll  (65).
‘1’llmcerrors  are corlsistcllt ill lllagllitudc wit]l  tllc’ v a l u e s  givc]l ill tllc tahlc ahovc l;quatioll  ((j5)
(().29° =0.005r  ad).

9 Conclusion

‘1’his pal)er has presented a llcw forInulation  of trajectory generation  based 011 vc]c)city hlctldi]lg.
l’irst, a IICW forlllulatioll f o r  t r a j ec to ry  blclldillg was  J)rovidcd,  allowillg  for the direct coln})ari-
s o n  and utilizatio]l of  IIulncrous t)lelld fullctio]ls. ‘J’hen,  a gellcralizcd version  o f  tllc’ l)rcviously
l)ro~)osed orientation ]nairix hlendi]lg forlnulatioll was reviewed. It was SIIOWTI llolv a first order
al)l)wxililation  of this scheme leads direct ly to angular  vc]ocity hlcllding  for oriclltatioll challgc.
l’urtller, the residual error illcurrc’d was cxplairlcd, quan t i zed .  and  collll)cllsated. Also Cxl)lailled
W’(” illl~)lcl]lclltatiollal co]lsideratiolls  SUCII as acceleration lilnits, velocity sullln!atioll r(:c]t]i]c~ri]f~]]ts,

al~olitllln coll]putation  rates and complexi ty.  I’illally,  tilt’ rwults of i][]])leIt}[’IltAtic)]l  of this scheIIIc

ill hc)tll s i m u l a t i o n  aIIcl real -tilne ex])(’riIllcIltatioIl  wrcrc g r a p h i c a l l y  prcs~lltd. IIottl  tile aIlalysis
alId illl])lc’IrleI]tatio]l  ha s  slIowl  I that  tile spd and siInplicity of tile v(’lc)city-t)lcIl(liIl~ for]nulatioIl
cIItil)lc its ease of use for real-tilne lnallipulator  trajectory ?,cllcratioll.

1 0  A c k n o w l e d g e m e n t s

‘J’IIc autlIor  would like to thank  his colleague, l)avid l,im, for the m-time il[}~)lel~~c’lltatioll  of the
algc)rithln software, and for the gclleratioll of the cxperilllc~lltal  data }~lots.

'l`llercsearcll descritJed illtllis })al)I~r  \vascarri{~cl out tjytlle,let l’rol)ulsio]l  l,al)oratory,  (laliforllia
llistitutc ofrlkchnology,  undm-a  coIltract with tllc NatioIlal .AcrO1l:i~lticsa Il(l S1)aceAdTr~illistratioI1.
llefcre~lcc  IIcrcill  toallyspcwific  coInlllercial l)rc)cluct, ])rc)cess,  ors(’rvicc~ I)y tradcllarllc’, tradclllark,
]I)a?lufacturer,  o r  o t h e r w i s e ,  d o e s  Ilot  co]lstitutc  or itnl)]y its cndors(’lllellt  I)y the lJ1litcd  S t a t e s
(jovcrlllne]tt  or the Jct l’rol)u]sion  l,ahoratory,( ;aliforllia llistitl]tc’ c] f’I’(’cll  Ilc)lc)Sy,

20



1.2

0.6

t

go

-0.6

1-

0

(a) 11 Colrll)ollrtlts

0.6

I I I

2; 3’0

Time (sees)

I 1’

1 1
40 50

,,. .
II

. ,.
‘\ f-;:,’-  4“ 1-

oReflO]
oRefIl]
oRef12]
oMe?[O]

-0.6 I
[

)/
-1.2. ” - I . 1 1

10 20 30

Time (sees)

(h) o Cml)poncllts

Figure 14: l;xpcrilnenta]  data for the refercncc and mwsuId

al I illsl)cctioll task si~nilar  to that shomrlI ill l’igures 8 . 1 .

($
‘..

1 I
40 50

coIIiponcIits  of the ar]il  fralnc durin~



r--l -1 I J II

0.6

-1.2;

(c) n COllllmncnts

1 ...-.1 l-- 1.-
10 20 30 4 0

Time (sees)

-T. .–-
f r ““[

L --.– I .1.. ‘1
o “-10 20 3; 40

Time (sees)
((i)  ]) mlllporlcwts

50

r

. . . . . . . .—

pReflO]  ~:
pRefll]  ,
pRef12]
pMez[O]
pMez[l]
pMez[2] ‘.

.-1
50

l“igurc 1 4 :  (coIIt. ) l;x~)crin)cntal d a t a  f o r  t}lc refcrclice aIld Illcasuml  coInl)oncI)ts  of ttlc ar[ll

fralllcdurillg all ilis})cctioll  taslisilni]ar t o  t h a t  slIowII  ill l;igures 8.1,

22



(c) @

3 -

2 -

1 ‘

o“‘

o

values

I I ‘- I I
ArmAnglc  ~-
PsiMczL

I

10 ;0 3’0 I I
40 50

Time (sees)

F i g u r e  14: (colIt. ) l;xlJcrili)elltal data f o r  the  rcferellcc slid Illcasurcd coIftI)oIIcIIts o f  tllc (’lid
t a s k  silllilar to that stlo!vl] ill l’igurcs 8,1.

0.006

0.004

0.002

0

0

I

10

I’igure I 5: ‘1’}Ic  magni tude of
value  is a stc])  function  since i t

I I

1 I

I

I‘L

I
20

Time (sees)
30 40

r
k.phi. crr I_

1
50

t]lc correctio~l  error, as described in lkluatio]l (65). Note that tile

is only  calculatwl  upoII the wit of a hlcnd segment.

23



Rdm’cnccs

.

[1] II. Goldstci,,. <Tlassicol hl~c}ta?lics. AddiscJli-LYcsley,  l{cadillg,  Mass . ,  1980,

[7’] hl. h4ujtal)a. ljiscwssiorl  oj 7i[IjcctoIy  llcilculatiort  h!{llIods. Stal)ford Ujlivcrsity, Art if icial
llltelligencc laboratory,  Alh4 285.4, 19’77.

[10] 1{. ]’all] and  I I .  Zllang. Nobot h40tio11 ‘J)rajcwtory Sl)ccificatio]l  arid (;cllcratio]l. 1]] ,f’fcorld
lr~tcr)lotioltal ,Yyrn]wsiuln  OIL A’obotics  I{cs((II’c}I, ]<yoto, Jallall,  Auxust  19x4.

[ 1 2 ]  II. Scraji and 1/. ~oll,augll.  Iln~,rovQd  Ck,*\figuratio*, (’o*,trol  for lledu~)dal,t liobots. ,)our~Lal
oj l{ohotics S’gstcms,  7(6), 1990.

[13] R. ‘I)aylorc l’lclnrlirtg and IA-wuiiorl oj,$trniqhi l.illc hiarLipulotor  7roj{rtori<s, ])a~cs 26.5 286.

h41’J’ l’rcss,  ~aml)ridgc,  h4ass.,  1982.

[14] S.  ‘JTllOltlI)SOn  and 1{. l)atcl. 11’orlllulatio]i o f  Joillt ‘1’rajcctories  f o r  Ilidustriat Rolmts {Jsillg
1 1 - S p l i n t s .  ll;jjl’; 7k7?lsactionso71 17~clu.st7if/ll  ;lrclroT/ic.s,;  31(2) :l{)2 199, 1987.

24


